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Failure of loose gully deposits under the effect of rainfall contributes to the potential risk of debris ﬂow.
In the past decades, researches on hydraulic mechanism and time-dependent characteristics of loose
deposits failure are frequently reported, however adequate measures for reducing debris ﬂow are not
available practically. In this context, a time-dependent model was established to determine the changes
of water table of loose deposits using hydraulic and topographic theories. In addition, the variation in
water table with elapsed time was analyzed. The formulas for calculating hydrodynamic and hydrostatic
pressures on each strip and block unit of deposit were proposed, and the slope stability and failure risk of
the loose deposits were assessed based on the time-dependent hydraulic characteristics of established
model. Finally, the failure mechanism of deposits based on inﬁnite slope theory was illustrated, with an
example, to calculate sliding force, anti-sliding force and residual sliding force applied to each slice. The
results indicate that failure of gully deposits under the effect of rainfall is the result of continuously
increasing hydraulic pressure and water table. The time-dependent characteristics of loose deposit
failure are determined by the factors of hydraulic properties, drainage area of interest, rainfall pattern,
rainfall duration and intensity.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
In the western mountains of China, the IeII ladders alternating
zones are basically characterizedwith strong tectonic stress and the
faults are well-developed, leading to serious denudation in the
mountains and/or frequent landslide subsequently. When a large
amount of clastic material accumulates in the gully, this would
signiﬁcantly increase the risk of the occurrence of debris ﬂow in
valley.
To date, the ﬂuidization of loose geomaterials due to rainfall has
been extensively studied. Hutchinson and Bhandari (1971)
concluded that the debris ﬂow is a combined result of shear
strength reduction of loose deposits and increase of pore pressure
when the drainage condition is poor. Xu et al. (2002) studied the
formation process of debris ﬂow by ﬂume experiment and dis-
cussed the mechanism of mudslides on different longitudinalock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.slopes. Cui (1991) applied the MohreCoulomb criterion to debris
ﬂow by ﬂume experiments. Hu and Wang (2003) established a
model with respect to water content to verify the coexistence of
landslide and debris ﬂow by artiﬁcial rainfall experiments. Chen
(2006a) proposed a softening and liquefaction mechanism of the
soil-mechanical debris ﬂow by ﬁeld observation and laboratory
tests. Hu (2008) researched the fractal characteristics of gully
development and the stability of debris ﬂow body, and illustrated
the disaster mechanism of loose accumulation when slip surface
soil begins to liquefy. Chen et al. (2012) qualitatively illustrated the
runout characteristics of debris ﬂow by ﬁeld study at Xiaojiagou
characterized with huge loose materials caused by ‘5.12’ Wenchuan
earthquake. Ni (2015) experimentally studied the initiation mech-
anism of gully-type debris ﬂow with artiﬁcial rainfall and runoff,
and he also proposed the relations between rainfall intensity and
gully erosion, failure mode of soil mass, initiation mechanism and
characteristics of debris ﬂow.
Concerning the debris ﬂow, various researchers considered
some critical factors, such as grain composition and bed slope
critical water content, in their studies. Xu et al. (2009) analyzed the
failure mechanism of slagheap by model tests. Guo et al. (2013)
studied the debris ﬂow triggering threshold considering ante-
cedent rainfall through a case study in Jiangjia Ravine. Zhou et al.
(2013) conducted a surface water runoff and saturatede
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runoff on a slope, and they analyzed the triggering mechanism of
debris ﬂow caused by landslide deposits. Wang et al. (2015) pro-
posed debris ﬂow formation process by exploring the permeability
characteristics and critical hydrodynamic conditions of loose de-
posits in Guojuanyan Gully triggered by earthquake.
Gully collapse deposit usually has loose structure, large porosity
and high permeability, which makes its hydraulic properties
different from those of ﬂow sediment body. Thus groundwater ﬂow
moves with strong time-dependent characteristics. However, most
of above-mentioned studies on ﬂuidization of loose geomaterials
do not consider the gully loose deposits in mountains with hy-
draulic properties. Meanwhile, the time-dependent hydraulic
mechanism is notwell understood. In fact, many factors, such as the
structural andmechanical properties of the sediment materials, the
rainfall intensity and duration, could inﬂuence the initiation of
debris ﬂow and should be considered in the model (Iverson and
LaHusen, 1989; Kotarba, 1997; Chen, 2006b; Zhang et al., 2011).
Therefore, the traditional theories about the stability and ﬂuidiza-
tion of loose deposits cannot be used directly to explain the failure
mechanism of gully loose deposit accumulated in mountains.
In this study, the time-dependent characteristics of loose de-
posits caused by different patterns of rainfalls are studied and the
water table model is established accordingly based on hydrological
and hydraulic theories. By analyzing the variation of hydraulic
pressurewhenwater table changes, the calculation formulas for the
stability of gully loose deposits are proposed. Finally, the failure
mechanism of accumulation body is illustrated with a case study.
2. Time-dependent model of water table in gully loose
accumulation body
The gully debris ﬂow is mainly characterized by narrow steep
channels, abundant sediment, and heavy and intense rainfall. In
order to study the debris ﬂow mechanism, a simple water table
model is built based on the following assumptions:
(1) The loose accumulation body is mainly composed of sand and
rubble, which have high permeability.
(2) The permeability of gully bed is signiﬁcantly small that it can be
ignored.
(3) No evaporation occurs in the catchment basin of interest.
According to Fig. 1, the water that converges in gully can be
expressed as
Q INðtÞ ¼ IðtÞA (1)
where A is the area of upper catchment basin; Q IN(t) is the water
that ﬂows into the accumulation body with respect to time t; I(t) is
the basin rainfall intensity, which is the function of time t and varies
with respect to vegetation interception, soil inﬁltration, evapo-
transpiration, etc.ADebris gully
I ( t )
Fig. 1. Catchment basin of gully debris ﬂow.Obviously, water accumulated from catchment basin of interest
increases unevenly with increase of rainfall duration t. Thus, the
rainfall volume during an inﬁnitesimal time [t, t þ dt] can be
calculated as
VIN ¼ Q INðtÞdt ¼ IðtÞAdt (2)
Meanwhile, water that ﬂows into the accumulation body can
also ﬂow out under the action of hydraulic pressure. As shown in
Fig. 2, assuming the accumulation body has width of w and thick-
ness of Z, the water that ﬂows out of the accumulation body can be
calculated by
QOUT ¼ kwhðtÞi (3)
where k is the permeability coefﬁcient; QOUT is the water that ﬂows
out of the accumulation body; h(t) is the water depth of accumu-
lation body; i is the hydraulic gradient, which can be expressed as
sinq with respect to the gully bed dip angle q.
Similarly, the volume of water which ﬂows out of the accumu-
lation body during an inﬁnitesimal time [t, t þ dt] can be calculated
as
VOUT ¼ QOUTdt ¼ kwihðtÞdt (4)
Theoretically, water table varies with the changes of water
volume in the accumulation body. When VIN is different from VOUT,
the depth of water can be expressed as follows according to Eqs. (2)
and (4):
IðtÞAdt  kwihðtÞdt ¼ V (5)
where V is the water volume changes in the accumulation body,
which can be expressed as
V ¼ weð1 SrÞdhðtÞ (6)
where e and Sr are the porosity and degree of saturation of the
accumulation body, respectively.
The rainfall process can roughly be divided into several time
intervals based on intensity peaks. As shown in Fig. 3, assuming the
rainfall intensity obeys power law during a time interval [ta, tb], it
can be modeled as
IðtÞ ¼ Im  hjt  tmjn ðta  t  tbÞ (7)
where Im is the peak value of rainfall intensity during a time in-
terval [ta, tb]; tm is the moment when Im appears; h is the rainfall
intensity coefﬁcient; n is a nonnegative integer which has different
values between intervals [ta, tm] and [tm, tb].
Combining Eq. (6) with Eq. (7) yields
dhðtÞ
dt
¼

Im  hjt  tmjn

A kwihðtÞ
weð1 SrÞ (8)w
h
Z
θ
Q=IA
Gully bed
QOUT
Water table
QIN
Fig. 2. Hydrological model of gully accumulation body.
d t
I (t)
tO ta tbtm
I a
I b
I m
Fig. 3. Model of a peaks interval of rainfall.
h(t)
0kwih
AI1>I1A
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accumulation body can be given as
hðtÞ ¼
8>><
>>:
C1e
2t þ AIm  Ahð2Þ
ne2ðtmtÞGðtÞ
kwi
ðt  tmÞ
C1e
2t þ AIm  Ah2
ne2ðtmtÞGðtÞ
kwi
ðt < tmÞ
(9)
where
2 ¼ ki
eð1 SrÞ
GðtÞ ¼ Gamma½1þ n; 2ðtm  tÞ
9>=
>; (10)
where Gamma½1þ n; 2ðtm  tÞ is the Gamma function; C1 is a
random constant when the boundary conditions such as ta, Ia and ha
are known in a rainfall, where ha is the initial value of water level.
It is notable that the water table is inﬂuenced by watershed
features, soil hydraulic properties and rainfall characteristics. For a
site-speciﬁc gully, the rainfall pattern plays an important role in the
failure of gully deposits.
3. Variation of water table in different patterns of rainfall
In practice, the rainfall could be divided into different patterns
such as uniform, linear, parabolic. In order to understand the time-
dependent characteristics of the failure of gully loose deposits in
rainfall, the variation of water table is determined, assuming that
the initial water table h0 and the rainfall pattern are a priori known.
3.1. Time-dependent characteristics of deposit failure under
uniform rainfall
As is shown in Fig. 4a, the intensity of uniform rainfall is a
constant value. Therefore, n¼ 0, h ¼ 0, and Eq. (7) can be simpliﬁed
as
IðtÞ ¼ Im (11)
Accordingly, the water table of accumulation body obtained by
Eq. (9) can be simpliﬁed asI (t)
I m
I (t)
I m
tO ttmO
I (t)
Im
ttmOtmax tmax
(a) Uniform rainfall.      (b) Linear rainfall.        (c) Parabolic rainfall. 
Fig. 4. Intensity curves of three patterns of rainfall.hðtÞ ¼ x1 þ x2ex3t (12)
where
x1 ¼
ImA
wki
; x2 ¼ h0  x1; x3 ¼
ki
eð1 SrÞ (13)
In the uniform rainfall pattern, the water table is an exponential
function of time. As shown in Fig. 5, when the intensity
Im ¼ I1 > kwih0/A, the water table h(t) rises exponentially with time
t and eventually approaches I1A/(kwi). Conversely, when
Im ¼ I2 < kwih0/A, the value of h(t) decreases with t and eventually
approaches I2A/(kwi). When Im ¼ I0 ¼ kwih0/A, the water table in
loose deposits keeps constant as h0. It is noted that water table
keeps at low level in slight rain and excess water would be drained
from deposits. Whereas, large uniform rainfall intensity inevitably
leads to the rise of water table and causes debris ﬂow.
It should be emphasized that when Im ¼ 0, Eq. (12) indicates the
dissipation of groundwater in deposits.3.2. Time-dependent characteristics of deposit failure under linear
rainfall
As shown in Fig. 4b, the intensity of linear rainfall increases or
decreases linearly with time. Thus n ¼ 1 and Eq. (7) can be
simpliﬁed as
IðtÞ ¼

Im  hðtm  tÞ ðt  tmÞ
Im  hðt  tmÞ ðt > tmÞ (14)
Accordingly, the water table in accumulation body in Eq. (9) can
be simpliﬁed as
hðtÞ ¼

x1 þ x2t þ x3ex4t ðt  tmÞ
x1  x2t þ x3ex4t ðt > tmÞ
(15)
where
x1 ¼
8>><
>>:
Aheð1 SrÞ þ AkiðIm  htmÞ
wk2i2
ðt  tmÞ
Aheð1 SrÞ þ AkiðIm þ htmÞ
wk2i2
ðt > tmÞ
x2 ¼
Ah
wki
; x3 ¼ h0  x1; x4 ¼
ki
eð1 SrÞ
9>>>>=
>>>>;
(16)
Obviously, in the linear rainfall pattern, the water table is an
exponential and linear function of time. Normally, the exponential
form is of priority at the beginning of rainfall, and the linear form is
gradually dominant afterwards.tO
0kwih
AI0=h0
0kwih
AI2<
kwi
kwi
I2A
Fig. 5. Curves of groundwater table under uniform rainfall pattern.
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tensity peak of the rainfall Im is equal to I0 ¼ kwih0/
A þ he(1  Sr)/(ki) þ htm, the water table rises linearly, i.e.
h(t) ¼ h0 þ x2t. As shown in Fig. 6a, when Im ¼ I1 > I0, the water
table h(t) rises exponentially with time t at the beginning and
then rises linearly while h(t) ¼ x1(I1) þ x2t. Conversely, when
Im ¼ I2 < I0, the water table h(t) falls exponentially at the
beginning and then rises linearly, then we have
h(t) ¼ x1(I2) þ x2t.
(2) The rainfall intensity decreases linearly when t > tm. If the in-
tensity peak of rainfall Im is equal to I0 ¼ kwih0/A  he(1  Sr)/
(ki)  htm, the water table h(t) decreases linearly, following
h(t) ¼ h0 þ x2t. As shown in Fig. 6b, when Im ¼ I1 > I0, the water
table h(t) rises exponentially with time at the beginning and
then decreases linearly, i.e. h(t)¼ x1(I1)  x2(t tm). Conversely,
when Im ¼ I2 < I0, the water table h(t) falls exponentially at
the beginning and then decreases linearly, i.e. h(t) ¼
x1(I2)  x2(t  tm).
It shows that the water table increases or decreases with the
same linear ratio under linear rainfall pattern with different values
of Im, even if water table plays different roles at the beginning of
rainfall.3.3. Time-dependent characteristics of the deposits failure in
parabolic rainfall
As shown in Fig. 4c, the intensity of parabolic rainfall pattern is a
quadratic function of time. Thus, we have n ¼ 2 and Eq. (7) can be
simpliﬁed as
IðtÞ ¼ Im  hðt  tmÞ2 ð0  t  tmaxÞ (17)
Accordingly, the water table in the accumulation body in Eq. (9)
can be given as(a)
(b)
Fig. 6. Curves of water table in linear rainfall pattern.hðtÞ ¼ x1 þ x2t  x3t2 þ x4ex5t (18)
where
x1 ¼
A

Im  ht2m

wki
 2Ahtmeð1 SrÞ
wk2i2
 2Ahe
2ð1 SrÞ2
wk3i3
x2 ¼
2Ahtm
wki
þ 2Aheð1 SrÞ
wk2i2
x3 ¼
Ah
wki
; x4 ¼ h0  x1; x5 ¼
ki
eð1 SrÞ
9>>>>=
>>>>;
(19)
In Fig. 7, when Im is equal to I0 ¼ 2he (1  Sr)2/(ki)2 þ
htme(1 Sr)/(ki)þkwih0/Aþ ht2m, thewater table h(t) changes with a
parabolic curve h(t) ¼ x1 þ x2t þ x3t2; when Im ¼ I1 > I0, the water
table rises quickly with an exponential-linear function at the
beginning and then follows the parabolic rate law until h(t) ¼ 0. On
the contrary, if Im ¼ I2 < I0, the value of h(t) would decrease
exponentially ﬁrst and then increase slightly, but eventually de-
creases following the parabolic rate law until t > tm. Obviously, the
water table in a parabolic rainfall is a composition function, and is
mainly controlled by exponential function at the beginning and
then follows the parabolic rate law.4. Stability analysis of gully loose deposits
The structure of gully loose deposits is basically featured with
large void ratio and high permeability. Rainfall in rainy season
rapidly increases water ﬂow in gully, continuously uplifts the water
table of deposits, and changes its hydraulic environments, which
could lead to instability of the deposits.
Due to the gradient of gully bed, the thickness and width of
deposits differ in various locations of natural gully. Therefore, the
loose deposit can be divided into n slices for the purpose of stability
analysis. As shown in Fig. 8, the average thickness, width and slope
gradient of slice i are Zi, wi, and qi, respectively. Assuming that the
water table hi in the slice i is known, the hydraulic characteristics
and stability of deposits can be analyzed subsequently.4.1. Hydraulic action on gully loose deposits
Fig. 9 shows the hydraulic action of groundwater on loose de-
posits of the slice i. We assume that the free heads at points A and B
are hA and hB, respectively, the hydrostatic pressures vertical to
gully bed at points A and B areFig. 7. Curves of groundwater table under parabolic rainfall.
Water table
Gully deposits
f Gully bed
Q=IA
θ i
A
B
C
D
hi
Zi
Fig. 8. Calculation model of gully loose deposits.
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where gw is the unit weight of groundwater.
Taking point A as the origin and x-axis along AB, the distribution
of hydrostatic pressure on AB can be expressed as
p ¼ pA 
x
li
ðpA  pB þ gwli sin qiÞ þ gwx sin qi ð0  x  liÞ
(21)
where li is the length of the slice i.
Integrating x in Eq. (9), the equivalent concentrated force of
hydrostatic pressure at the bottom of the slice i can be obtained:
Pi ¼
ðpA þ pBÞli
2
¼ higwli (22)
where hi¼(hA þ hB)/2 is the average water table in the slice i.
In addition, dynamic water pressure can also be generatedwhen
groundwater ﬂows through the continuous ﬁllings, which de-
creases the deposits stability directly by dragging deposits body
downward (Zhang and Bai, 2003; Li and Guo, 2007). According to
the continuum theory (Chai and Wu, 2001), the dynamic pressure
in the slice i with unit width of deposits can be written as
Di ¼
Zhi
0
Zli
0
egwJidxdy ¼ ehigwðhA þ li sin qi  hBÞ (23)
where Ji is the hydraulic gradient.
Normally, the head loss d of groundwater for per unit following
the length of the deposits is established and can be gained bymodel
test. So Eq. (23) can be simpliﬁed as
Di ¼ ehigwdli (24)li
¦θi
hB
Di
Pi
hA
Ax
p
B
Gully bed
Water table
Fig. 9. Hydraulic action of groundwater on loose deposits.4.2. Stability analysis of loose deposits
As shown in Fig. 10, the stability of slice i of loose deposits in
gully is determined by inter-slice forces Mi and Mi1, mass Gi,
resultant normal force Ni, and shear resistance fi. The stability of
deposits decreases when the groundwater begins to ﬂow because
of hydraulic action, which has been mentioned previously.
The sliding force on the slice i, Ti, can be expressed as
Ti ¼ Di þMi1 cosðqi1  qiÞ þ Gi sin qi (25)
In particular, when i ¼ 1, Mi1 can be obtained as M0 ¼ 0.
Similarly, when i ¼ n, Mi is given as Mn ¼ 0.
The anti-sliding force on the slice i can be expressed as
Fi ¼ Mi þ fi (26)
where fi is the average shear strength, which can be given by the
MohreCoulomb failure criterion as follows:
fi ¼ cli þ ½Gi cos qi þMi1 sinðqi1  qiÞ  Pitan 4 (27)
where 4 is the internal friction angle and c is the cohesion of loose
deposit.
Obviously, when the slice i keeps stable under the condition that
Ti < Fi, the slices from 1 to i  1 are also theoretically stable.
Especially, if the condition of Tn  Fn can be satisﬁed, the whole
deposit will be stable. Hence, the safety factor of loose deposits in
gully can be expressed as
K ¼ Fn
Tn
(28)
It is notable that the deposits will fail locally when the slice i is
stable but the slice i þ 1 is unstable.
5. Case analysis
A typical loose deposit in Chayuan Gully in Sichuan Province is
presented here. The deposit is located in the right bank of Zagunao
River with a length of 8.9 km and area of 19.4 km2 (Liu et al., 2004).
The gully is ﬁlled with sandstones caused by collapse of slopes on
both sides, which results in serious debris ﬂow in every rainy
season.
According to ﬁeld survey, the loose deposit is mainly located at
the entrance of gully with average width and length of 8 m and
200 m, respectively. The initial water table in deposits is 0.8 m. As
shown in Fig. 11, the deposits can be divided into slices AB, BC, and
CD according to the parameters of gully bed gradient, which are
obtained by ﬁeld investigation and are shown in Table 1. In order to
understand the failure mechanism of loose deposits during rainfall,
the intensity of rainfall is given in Fig. 12, and the physico-M i−1
i−1
Gi
f i
Mi
θi
θ
Ni
Pi
Di
A
B
Fig. 10. Force analysis of slice element.
K
0+
00
0
K
0+
13
6.
3
K
0+
28
5.
9
K
0+
43
2.
1
000 014
39.9
80.3
0 30 m−30 m
A
B
CD
Fig. 11. Longitudinal proﬁle of gully deposits mass.
Table 1
Geometric parameters of gully bed.
Slice i li (m) qi () h (1010 m/s2)
AB 1 151.7 15.4 3.86
BC 2 151.8 9.8 0
CD 3 137.0 5.9 2.76
Fig. 12. Intensity of effective rainfall in basin.
Table 2
Physico-mechanical parameters of gully material.
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tory tests and listed in Table 2.c (kPa) e Sr d 4 () Zi (m) h0 (m) gs (kN/m3) gw (kN/m3) k (m/s)
0 0.4 0.3 0.5 20 8 0.8 23 98 0.07
t (min) 
AB
CD
h(t
) (
m)
 
BC
Fig. 13. Curves of water table in linearly increased rainfall pattern.
BC
t (min) 
h(t
) (
m)
 
AB CD
Fig. 14. Curves of water table in uniform rainfall pattern.5.1. Time-dependent characteristics of water table in rainfall
As shown in Fig. 12, the intensity of rainfall increases linearly
from 0 to 25 min. According to Table 1 and using Eqs. (14)e(16), the
water table is obtained and shown in Fig. 13. It is indicated that, the
water table in those three slices of deposits rapidly decreases
exponentially and reaches the minimum at around 50 s, and then
begins to rise linearly. It is indicated that the groundwater runs off
in the deposits when the rainfall recharge capacity is not high
enough at the beginning. Besides, it is also observed that the water
table in slices with smaller gradient rises faster as shown in Fig. 13.
Theoretically, during 25e35 min, the water table would rise
exponentially. In fact, the water table as shown in Fig. 14 only rises
in ﬁrst few minutes and then keeps stable. For example, the water
table in slice CD rises from 7.64 m to 7.68 m during 25e26.2 min,
and then almost keeps constant, which indicates that a stable
rainfall usually leads to a stable water level.
Fig. 15 shows the water table decreases linearly with respect to
rainfall. Similar to linearly increased rainfall pattern, the water ta-
ble shows a composited exponential-linear function and decreases
linearly during the whole period of time except the early stage of
this period.
As shown in Fig. 16, the residual water table in slice CD is the
highest (0.146 m) at the end of rainfall (70 min), which is 7 times
that in slice AB (0.022 m). In the following 75 min, the residual
water table in slice CD falls exponentially to 0. Although the
gradient of slice CD is smaller, the groundwater runs off more
quickly than that in the other two slices due to a higher residual
water table, suggesting that the amount of residual groundwater is
also an important factor that affects the speed of discharge.5.2. Hydraulic characteristics of deposits
The sliding force on each slice is calculated by Eq. (27) and is
shown in Fig. 17. It is evident that the sliding force on slice AB is the
largest assuming that all slices have a similar gravity, which in-
dicates that the gradient plays an important role in sliding force. In
addition, the sliding forces on slices are markedly related to water
table. Taking the slice CD for an example, it can be seen that: (1) The
sliding force decreases ﬁrstly and then increases rapidly with
respect to linearly increased rainfall pattern; (2) The sliding force
keeps steady comparatively in association with steady rainfall
pattern; (3) The sliding force decreases continuously to a stable
valuewith linearly decreased rainfall and after rainfall, respectively.
The anti-sliding force on each slice is shown in Fig. 18. It is
observed that the anti-sliding force is governed by deadweight,
slope gradient, water level and residual sliding force, and is closely
correlated with water table. Taking the slice BC for an example, it is
shown that: (1) During the ﬁrst 12 min after rain beginning and the
last 22 min of raining, the anti-sliding force is large due to the low
water table and large deadweight, and the residual sliding force is
zero (Table 3). (2) During the raining time from 12 min to 53 min,
the anti-sliding force is correlated with water table and slope
gradient due to the strong hydraulic action.
As shown in Fig. 19, the stability of each slice is also correlated
with the water table. At the beginning of raining, the water table is
low and the stability of each slice is good, especially for the slice CD,
whose stability coefﬁcient is up to 3.34. With increase in rainfall
intensity and duration, the water table increases continuously,
while the stability of deposits decreases continuously. During the
period from 20 min to 40 min, the sliding force of slice ABwith the
t (min) 
h(t
) (
m)
 
AB
BC
CD
Fig. 15. Curves of water table decreasing linearly with respect to rainfall.
t (min) 
h(t
) (
m)
 AB
BC
CD
Fig. 16. Curves of water table after rain.
t (min) 
AB
BC
CD
T 
(M
N)
 
Fig. 17. Sliding forces on different slices of deposits.
AB
BC
CD
t (min) 
T 
(M
N
) 
Fig. 18. Anti-sliding forces on different slices of deposits.
Table 3
Loads imposed on different parts of mass at different times.
t (s) Ti1 (MN) Mi1 (MN) fi (MN)
AB BC CD AB BC CD AB BC CD
0 6.78 4.53 2.55 0 1.41 4.05 8.19 8.58 7.9
0.8 6.57 4.34 2.43 0 1.99 4.57 8.56 8.91 8.12
1.6 6.59 4.36 2.44 0 1.94 4.52 8.53 8.88 8.1
25 7.43 6.09 4.39 0 0.42 0.44 7.01 6.52 4.55
30 7.44 6.13 4.45 0 0.45 0.35 6.99 6.48 4.45
35 7.44 6.13 4.44 0 0.45 0.35 6.99 6.48 4.45
37.5 7.38 5.89 4.34 0 0.29 0.74 7.09 6.63 4.66
40 7.32 5.61 4.19 0 0.11 1.2 7.21 6.81 4.93
70 6.55 4.3 2.38 0 2.06 4.68 8.61 8.98 8.22
70.5 6.54 4.29 2.36 0 2.07 4.71 8.62 9 8.26
75 6.54 4.29 2.34 0 2.08 4.72 8.62 9.01 8.29
t (min) 
AB
BC
CD
Fig. 19. Stability coefﬁcients of deposits body with time.
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slice AB would not fail due to the transfer of residual sliding force.
Finally, the stability of each slice increases continuously up to the
maximum as the rainfall linearly decreases and eventually stops.
During the whole time, the stability coefﬁcient of slice CD is
larger than 1, which indicates that not only the slice CD but also the
whole deposits are stable in a global sense.6. Conclusions
In this context, the water table model of gully loose deposits is
established and its time-dependent characteristics in association
with different patterns of rainfall are studied on the basis of hy-
drological, hydraulic and topographic theories. The hydraulic
characteristics and hydraulic pressure with rising water table are
analyzed and the calculation formulas for stability of gully loose
deposits are proposed. The following conclusions can be obtained:
(1) The failure of gully deposits in rainfall is the result of increment
of hydraulic pressure with respect to the rise of water table.
(2) The water table is inﬂuenced by watershed features, soil hy-
draulic properties and rainfall characteristics. For a site-speciﬁc
gully, the water table is governed by rainfall pattern.
(3) If the duration of rainfall is long enough, the water table would
keep steady in uniform rainfall pattern, while it would rise or
fall with linearly increased or parabolic rainfall pattern.
(4) The residual groundwater in deposits discharges eventually if
the rainfall intensity is small, while groundwater would be
supplied in heavy rains.
(5) The rise of water table in deposits not only enhances the hy-
drostatic pressure that weakens the anti-sliding force, but also
Y. Wu, S. He / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 708e715 715increases the dynamic hydraulic pressure that enhances the
sliding force of deposits.Conﬂict of interest
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